Purpose: The vocal auditory-motor control of individuals with hyperfunctional voice disorders was examined using a sensorimotor adaptation paradigm. Method: Nine individuals with hyperfunctional voice disorders and 9 individuals with typical voices produced sustained vowels over 160 trials in 2 separate conditions: (a) while experiencing gradual upward perturbations in the fundamental frequency (f o ) of their auditory feedback (shift-up) and (b) under no auditory perturbation (control). The shift-up condition consisted of 4 ordered (fixed) phases: baseline (no perturbation), ramp (gradual increases in heard f o ), hold (a consistently higher heard f o ), and after-effect (no perturbation). Adaptive responses were defined as the difference in produced f o during control and shift-up conditions.
Notwithstanding these other potential factors, key similarities between acoustic, perceptual, and physiological aspects of voice production in individuals with hyperfunctional voice disorders and those with hearing loss inspired our hypothesis that auditory-motor integration may be disrupted in hyperfunctional voice disorders. Like individuals with hyperfunctional voice disorders, speakers with hearing loss use higher laryngeal resistance (Higgins, Carney, & Schulte, 1994) , and their voices are frequently described as strained and breathy (Arends, Povel, Van Os, & Speth, 1990; Forner & Hixon, 1977; Higgins et al., 1994; Read, 1989) . These symptoms are speculated to be caused by laryngeal dysregulation and/or incoordination (Forner & Hixon, 1977; Itoh, Horii, Daniloff, & Binnie, 1982; Lane, Perkell, Svirsky, & Webster, 1991; Metz, Whitehead, & Whitehead, 1984) . Furthermore, like individuals with hyperfunctional voice disorders, speakers with hearing loss also display deviations in speech breathing (Forner & Hixon, 1977; Perkell et al., 2000) . The similarities in the symptoms of dysphonia in individuals with hearing loss and individuals with hyperfunctional voice disorders suggest potential similarities in their mechanisms. Thus, in this study, we hypothesized that speakers with hyperfunctional voice disorders may have an impairment of their auditory-motor control. Disordered sensorimotor integration, with inappropriate updating and maintaining of feedforward vocal control based on auditory feedback, might explain the development and persistence of hyperfunctional behaviors. For instance, initial entrance into a cycle of dysphonia may be precipitated by disruptions in typical voice, whether organic (e.g., an upper respiratory infection or high voice-use situation) or psychological (e.g., emotional stress). In most speakers, these acute changes to voice are short lived. However, such acute changes in an individual with disordered auditory-motor integration might persist past the original disruption due to maladaptive reactions. Therefore, here we investigated the potential auditory-motor basis of hyperfunctional voice disorders through a classic fundamental frequency ( f o ) perturbation experiment in which f o was gradually modified over time to determine adaptive responses, providing information about feedforward and feedback mechanisms of speech motor control.
The speech sensorimotor system uses discrepancies between expected and actual sensory feedback to update motor programs. Gradual modification of speakers' feedback is a paradigm known as sensorimotor adaptation, which has been employed by a number of research groups over the years. These types of experiments have been shown to yield a robust, consistent response in which speakers compensate over time for the gradually increased manipulations in f o : If f o is experimentally increased, speakers respond by lowering their f o over time (Jones & Keough, 2008; Jones & Munhall, 2000 Keough & Jones, 2009; Patel, Niziolek, Reilly, & Guenther, 2011) . As evidenced by short-term maintenance of the response after removal of the shift, speakers seem to temporarily update (i.e., adapt) their motor programs. We hypothesized that individuals with hyperfunctional voice disorders would show abnormal responses to this type of gradual auditory perturbation.
Method

Participants
Nine individuals with hyperfunctional voice disorders aged 20 to 39 years (eight women, one man) and nine individuals with typical voices aged 18 to 30 years (five women, four men) were included in this study. Individuals with voice disorders were diagnosed by a laryngologist based on comprehensive voice evaluation procedures that included videolaryngostroboscopy and perceptual assessments; none reported any history of other hearing or language disorders. Four participants with hyperfunctional voice disorders had phonotraumatic lesions (i.e., nodules, polyps). One of these participants had undergone surgical excision of the nodules approximately 12 years prior to her participation in this study. The overall severity of the dysphonia of each speaker with a hyperfunctional voice disorder was rated by a certified speech-language pathologist using the Consensus AuditoryPerceptual Evaluation of Voice (Kempster, Gerratt, Verdolini Abbott, Barkmeier-Kraemer, & Hillman, 2009 ) based on the sustained vowel samples produced during the baseline phase of the experiment (see below). The mean overall severity for the group was 29.8, with a range from 12.0 to 68.1. Individuals with typical voices reported no history of voice, speech, language, or hearing disorders. Additional participants were recruited for this study, but their data were unable to be included because of the inability to complete study procedures, difficulty in tracking f o due to severe roughness and/or diplophonia, and unstable f o across the baseline phase of the control condition (likely related to apparent distraction from the task).
Procedure
Participants were seated comfortably in front of a computer monitor, on which stimulus cues were displayed. The participant wore either a Shure omnidirectional MX153 subminiature earset microphone or a Shure headset WH20QTR microphone positioned at a fixed distance of approximately 7 cm from the mouth at a 45°angle. The microphone signal was amplified via an RME Quadmic II microphone preamplifier and digitized via a MOTU UltraLite-MK3 or MOTU Microbook hybrid soundcard. Auditory feedback to the participant of his or her own speech was delivered through a pair of Sennheiser HD 280 Pro headphones, which provide attenuation of air-conducted sound by approximately 32 dB. The auditory feedback through the headphones was set to be amplified by at least 5 dB relative to the sound level at the microphone. When relevant, the f o of voicing and associated harmonics were transformed using Audapter (Cai, Boucek, Ghosh, Guenther, & Perkell, 2008) , a MATLAB software package for configurable real-time manipulation of acoustic parameters. The total processing delay was < 45 ms. Trial initiation and Audapter manipulations were controlled by a custom MATLAB program. Both the perturbed and unperturbed signals were recorded digitally at 16 kHz.
There were two conditions in the experiment: a shift-up and a control. Participants participated in the two conditions (each 30 min) with the order counterbalanced. Each condition consisted of 160 consecutive 11-s trials, including a 3-s production of a sustained /ɑ /. In the shift-up condition, participants first produced 20 utterances while receiving typical (unperturbed) feedback, referred to as the baseline. In the following 60 trials (referred to as the ramp), the f o of their auditory feedback was increased by 1.6 cents 1 for each successive trial, reaching a total level of +100 cents of perturbation by the end of the ramp. This was followed by the hold, consisting of 40 trials with the feedback maintained at 100 cents above the participants' true f o . Finally, participants performed 20 trials in which the feedback was again unperturbed (the after-effect). Perturbations, when applied, were throughout the entire period of voicing. In the control condition, all 160 trials were completed without any f o perturbation. The participants did not receive any information about differences between the two conditions. The responses of one participant with a hyperfunctional voice disorder during the last eight trials of the hold were not recorded because of temporary equipment failure; however, they continued to receive appropriate auditory feedback. The individual trace of this participant indicates this period via a dotted line in Figure 1 .
Data Analyses
An autocorrelation method via Praat (Boersma & Weenink, 2008) scripts was used to estimate the mean f o over each trial. When f o mistracking occurred (e.g., because of noise such as tongue clicks or instances of glottal fry), the mean f o was obtained manually in Praat by excluding the noise or by adjusting the pitch range settings when the f o mistracking changed the mean estimate more than 2 Hz. The f o of each trial was converted to cents relative to the mean f o during the baseline trials, thus normalizing for individual variation in mean f o . The mean f o values in cents during the shift-up conditions were normalized by subtracting the f o values of the control condition to determine the resulting adaptive responses.
A two-way mixed-model analysis of variance was performed on the adaptive responses to assess the effect of group (random, between-subjects; individuals with typical voices, individuals with hyperfunctional voice disorders), phase (within-subject; baseline, ramp, hold, after-effect), and their interaction. Factor effect sizes were quantified using the squared partial curvilinear correlation, η p 2 . Tukey simultaneous tests were applied to compare groups as a function of phase. In individuals with hyperfunctional voice disorders, average adaptive responses during the hold phase were compared with the ratings of their overall severity of dysphonia using a Pearson's product-moment correlation coefficient.
Results
Consistent with previous studies (Jones & Munhall, 2000 , typical speakers generally showed clear compensatory adaptive responses, with decreased f o during the ramp and hold phases. Conversely, many individuals with hyperfunctional voice disorders did not show this typical adaptive response. Instead, many speakers displayed the opposite effect by following the direction of the perturbation (e.g., when f o was experimentally increased, the speakers responded by further increasing their f o ); this is qualitatively apparent in Figure 1 . Overall, the adaptive responses showed a significant (p < .001, η p 2 = .08) interaction between group (individuals with typical voices, individuals with hyperfunctional voice disorders) and phase ( Figure 2 ). As expected, there was not a difference between group responses during the baseline phase (p adj > .05). However, beginning during the ramp, speakers with typical voices displayed compensatory (negative) responses, whereas the average response of individuals with hyperfunctional voice disorders was positive. During the hold phase, although the speakers with typical voices showed an average compensatory response of −55.6 cents (SD = 102.9 cents), the average response of speakers with hyperfunctional voice disorders was 72.5 cents (SD = 176.7 cents). This difference was maintained in the after-effect phase, in which the average response of the speakers with typical voices essentially returned to baseline (M = 5.5 cents, SD = 123.1 cents), whereas the hyperfunctional voice disorder group largely maintained their increased f o values (M = 57.3 cents, SD = 119.1 cents).
Although four individuals with hyperfunctional voice disorders did show typical compensatory responses 1 A cent is a logarithmic unit of measure of frequency, like the semitone. 100 cents are equivalent to 1 semitone. ( Figure 1 ), no usual clinical descriptors explained this variation. For instance, as illustrated in Figure 1 , the presence of laryngeal lesions was not predictive of abnormal adaptive responses. Furthermore, comparison of average adaptive responses during the hold phase with ratings of the overall severity of dysphonia yielded a nonsignificant Pearson's product-moment correlation coefficient (r = .07). One particular participant had an extremely large, positive adaptive response; however, group reanalysis without this individual's data yielded qualitatively similar statistical results, with a statistically significant interaction between group and phase ( p < .001, η p 2 = .07).
Discussion
Based on these sensorimotor adaptation experimental results, we suggest that some individuals with hyperfunctional voice disorders have disordered auditory-motor integration, with inappropriate updating and maintaining of feedforward vocal control based on auditory feedback. Entrance into the cycle of dysphonia may be precipitated by disruptions in typical voice, whether organic (e.g., an upper respiratory infection or high voice-use situation) or psychological (e.g., situation of emotional stress), but it persists past the original disruption because of this disordered auditory-motor adaptation. This core speech motor control disorder may still interact with the other previously noted factors such as vocal hygiene (Van Houtte et al., 2011) , psychological factors (Van Houtte et al., 2011) , and reactions to stressors (Demmink-Geertman & Dejonckere, 2002; Helou et al., 2013) .
These results mirror previous examinations into a far less prevalent voice disorder known as spasmodic dysphonia (SD), which once had hypothesized psychogenic mechanisms. SD results in a strained and/or breathy voice during speech production, is characterized by muscle spasms (Nash & Ludlow, 1996) , and has a higher prevalence in women (Schweinfurth, Billante, & Courey, 2002) . In the 1950s, SD was widely believed to be caused "by psychoneurosis from either occupational stress or emotional trauma" (Arnold, 1959 , p. 161, as cited in Aronson, 1990 , a belief that persisted for decades thereafter (Aminoff, Dedo, & Izdebski, 1978) . However, it is now known that SD is a focal dystonia of the larynx, a motor control disorder characterized by abnormal processing of somatosensory feedback (Termsarasab et al., 2016) , which continues to lead to research aimed at improving its assessment and treatment. Thus, despite the limited sample size in the current study, the results suggest that much more research is needed to fully delineate the true etiology of hyperfunctional voice disorders to develop unbiased and effective assessments and interventions.
The current study is limited in its ability to provide generalizable and definitive information about the nature of hyperfunctional voice disorders. The sample studied was relatively small, and unsurprisingly, the responses of individuals with hyperfunctional voice disorders were not homogeneous. There may be distinct subtypes of hyperfunctional voice disorders, and the disordered auditory-motor integration mechanism we propose may reflect etiology only in a subset. Furthermore, given the variability in responses, a consideration for data interpretation is the variability in amplification of the auditory feedback (e.g., related to the frequency response of the headphones, level differences between left and right headphones, manipulation of amplitude in Audapter during pitch perturbation, estimated gain correction factor for perturbed signals, processing delay, and variability in speaker productions from trial to trial). Future studies with larger sample sizes, more exhaustive perceptual and instrumental voice assessment, more comprehensive case histories and demographics, and increased control over trial-to-trial auditory feedback are necessary. It is also worth noting that the tasks employed consisted of phonation over two 30-min conditions, which could have differentially resulted in fatigue for speakers with hyperfunctional voice disorders. However, no participants mentioned fatigue, likely because of the minimal actual phonation time during the experiment (approximately 3 s per each of the 160 trials per condition).
Finally, there was a mismatch between the vocal motor control task used in this study and the primary symptomology in hyperfunctional voice disorders. Although individuals with hyperfunctional voice disorders can present with abnormal f o , the primary deviances are those of voice quality. However, voice quality is a multifactorial and complex percept with no robust acoustic correlates, limiting its usefulness in controlled perceptual and production experiments. Thus, we chose f o perturbations for this first sensorimotor adaptation study in hyperfunctional voice disorders to provide increased experimental control and more robust results. However, given that analysis of adaptive responses required relatively periodic voice waveforms, our sample was necessarily limited to mild-to-moderate voices. Individuals with hyperfunctional voice disorders can present with relatively severe voices, which may have affected our findings. Future work to elucidate acoustic measures of voice quality that are reliably related to listener perceptions and are amenable to real-time perturbation will be needed to adapt this work to the realm of voice quality.
Conclusion
The results here are the first evidence that some individuals diagnosed with hyperfunctional voice disorders demonstrate signs of a motor speech disorder. The improper processing of auditory feedback is neurological in nature. Generalization of these findings may justify a radical shift in the clinical treatment of hyperfunctional voice disorders and may eventually allow for the development of new therapies.
